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Long-term shake suspension and membrane vesicles of medullary thick
ascending limb. Technical Note. Cultured medullary thick ascending limb
(MTAL) cells may lack some of the main carriers of fresh MTAL cells,
such as apical Na1-K1(NH4
1)-2Cl2 cotransporter (BSC-1) and Na1/H1
exchanger (NHE-3). We have developed a technique to maintain rat
MTALs several hours in suspension and in a good state of viability.
Medullary thick ascending limbs were suspended in a 1:1 mixture of Ham’s
nutrient mixture F-12 and Dulbecco’s modified Eagle’s essential medium
(HDMEM) supplemented with 25 mM HCO3
2 and gassed with 95%
O2/5% CO2; the resulting mixture was placed in a rotary shaking water
bath at 37°C for 16 hours. As seen by electron microscopy, MTALs from
the HDMEM-suspension retained a virtually normal tubular organization.
Na1-K1(NH4
1)-2Cl2 cotransport activity and NHE consistent with both
apical NHE-3 and basolateral NHE-1 activities were underscored both in
intact cells by intracellular pH measurements and in a membrane fraction
enriched in apical and basolateral membranes by 22Na1 uptake experi-
ments. These results demonstrate that freshly harvested MTALs can be
maintained in a well differentiated state for at least 16 hours; this
preparation should make long-term in vitro studies of MTAL transport
regulations possible.
Absorption of sodium, chloride, bicarbonate, and ammonia, but
not water, by the medullary thick ascending limb (MTAL) of the
kidney causes transepithelial solute concentration differences,
which constitutes the “single effect” for the accumulation of these
substances in the medullary interstitium. The MTAL “single
effect” is multiplied by the countercurrent flow between the
ascending and descending medullary tubules that are arranged in
parallel, which is favored by the low effective blood flow of the
renal medulla due to countercurrent exchange between the med-
ullary vasa recta [reviewed in 1]. The high medullary concentra-
tion of NaCl contributes to the high medullary osmolarity and
thus to water absorption by collecting ducts during antidiuresis
[reviewed in 1]. Accumulation of ammonia in the medulla is
necessary to its secretion in adjacent collecting ducts and excre-
tion in final urine [2]. The medullary bicarbonate concentration is
thought to determine the acid-base status of the medullary
interstitium, which in turn may regulate proton secretion by
collecting ducts [3, 4]. Thus, solute transport by the MTAL is
crucial to the regulation of water and acid-base balance by the
kidney.
The transport functions of the MTAL are regulated by systemic
factors. Good [5] has shown that the MTAL adapts to chronic
metabolic acidosis and sodium intake by an increase in its ability
to absorb bicarbonate and ammonia. With respect to bicarbonate
absorption, the MTAL adaptation to in vivo chronic metabolic
acidosis results, at least in part, from an increase in mRNA,
protein abundance, and transport activity of the apical Na1/H1
exchanger isoform, NHE-3 [6]. The apical Na1-K1(NH4
1)-2Cl2
cotransporter of the MTAL (BSC-1 or NKCC-2), which is respon-
sible for the luminal uptake of NaCl and for much of the luminal
step of transcellular MTAL ammonia absorption, was recently
shown to be up-regulated at the protein level by chronic sodium
and furosemide administration [7], but not by water deprivation
and vasopressin administration at both the protein and mRNA
levels [7, 8]. However, the mechanisms of these MTAL adapta-
tions, with respect to the nature of the stimuli and intracellular
events, are not yet determined. The latter points could be studied
by in vitro experiments, but a preparation of MTAL tubules or
cells appropriate for in vitro studies of chronic MTAL regulations
that would be representative of in vivo events is lacking. Indeed,
primary cultures of rat MTAL cells express the mRNA of the
ubiquitous NHE-1 but not that of the apical NHE-3, as assessed
by reverse transcription-polymerase chain reaction (unpublished
observations in this laboratory). Also, Na1-K1-2Cl2 cotransport
in cultured cells is critically dependent on cell growth conditions
[reviewed in 9], and thus probably has functions other than those
of the apical Na1-K1(NH4
1)-2Cl2 cotransporter of freshly har-
vested MTAL cells. Several members of the Na1-Cl2/K1-Cl2
cotransport family were recently cloned [8, 10–13], which are
tissue specific and probably differently regulated.
Based on these considerations, the aim of the present study was
to maintain freshly harvested rat MTAL tubules in suspension at
37°C for several hours, so as to be able to conduct long-term in
vitro studies on these normally differentiated MTAL cells. The
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results show for the first time that rat MTAL tubules can be
maintained, with use of defined culture media, in a good state of
viability in shake suspensions for at least 16 hours. From the
long-term MTAL suspension a membrane fraction enriched in
plasma membranes, in which Na1-K1(NH4
1)-2Cl2 cotransport,
NHE-1, and NHE-3 activities are present, can be isolated.
METHODS
Shake suspension of rat MTAL tubules
The first steps of the method used to isolate MTAL fragments
have been previously described in detail [14, 15]. In brief, 16 to 20
kidneys were removed from 8 to 10 anesthetized male Sprague-
Dawley rats (200 to 300 g in body wt), and small tissue pieces of
inner stripes of outer medulla were then subjected at 37°C to
successive six-minute periods of collagenase digestion (0.40 g/li-
ter). The MTAL tubules were harvested by sieving the superna-
tants through a 75-mm opening nylon mesh to separate MTAL
fragments from isolated cells and small fragments of other
medullary tissues, and were resuspended in an appropriate vol-
ume of the medium described below (hereafter referred to as the
primary suspension). The primary suspension almost exclusively
contained MTAL tubules (. 95%), occasional thin descending
limb fragments, and virtually no isolated cells or medullary
collecting tubules, as has been frequently observed by light
microscopy. All of the following steps of the preparation of the
suspension were performed under sterile conditions with use of
filter-sterilized media.
The MTALs were washed three times by gentle centrifugation
(230 3 g for 2 min) at 37°C in a medium composed of a 1:1
mixture of Ham’s nutrient mixture F-12 and Dulbecco’s modified
Eagle’s essential medium (HDMEM) supplemented with 5 mM
heptanoic acid, 5 mM L-leucine, 15 mM N-2-hydroxyethylpipera-
zine-N9-2-ethanesulfonic acid (Hepes), 10 mM tris(hydroxym-
ethyl)-aminomethane (Tris), 25 mM NaHCO3, 0.1 g/liter bovine
serum albumin (BSA), 400 UI/ml penicillin, 200 mg/ml strepto-
mycin, pH 7.35 to 7.40 when gassed with 95% O2/5% CO2. The
MTALs were divided in four equal parts that were suspended in
60 ml of HDMEM medium (hereafter referred to as shake
HDMEM-suspension) in 125 ml-flasks placed in a rotary (100
rpm) shaking water bath at 37°C; the shake HDMEM-suspensions
were gassed with a humidified 95% O2/5% CO2 gas mixture that
was filtered through 0.45 mm filter units (Nalgeney; Nalge
Company, Rochester, NY, USA), and were so maintained for up
to 16 hours in the dark. At the end of the incubation in the
HDMEM medium, MTALS were washed three times by gentle
centrifugation (230 3 g for 2 min) in one of the experimental
media listed in Table 1, which probably eliminated most nonviable
tubular cells and selected the viable tubular fragments. Then,
MTALs were loaded with 29,79-bis(carboxyethyl)-5(6)-carboxy-
fluorescein acetoxy-methyl ester (BCECF-AM) by a seven minute
incubation at 37°C in the presence of BCECF-AM as previously
described [14, 15], and maintained on ice until use.
Electron microscopy
Medullary thick ascending limb fragments from the primary
and the shake HDMEM suspensions were centrifuged at 230 3 g
for 10 minutes, and the resulting pellets were immediately fixed
with 1.25% glutaraldehyde in a sodium phosphate buffer solution
(281 mOsm/liter), pH 7.4, during one hour at 4°C. The pellets
were then washed with the phosphate buffer solution for 24 hours
at 4°C and post-fixed in a 1% osmium tetroxide for 30 minutes at
room temperature. After alcohol dehydration, the pellets were
embedded in epoxy resins. Semi-thin sections stained with tolui-
dine blue were prepared from each pellet for orientation. Ultra-
thin sections stained with uranyl acetate and lead citrate were
examined in electron microscopy with a JEOL 1010 electron
microscope (JEOL, Tokyo, Japan). Similar techniques were ap-
plied to the membrane preparation described below.
Measurements of intracellular pH
Intracellular pH (pHi) was estimated at 37°C with use of
BCECF as previously described in detail [14, 15].
Membrane vesicles preparation
Membrane vesicles were prepared from the MTAL’s shake
HDMEM suspensions by modifications of the Mg21/EGTA-
aggregation method we used in a previous study of the primary
suspension [16]. All steps of the fractionation procedure were
performed at 2 to 4°C. The pelleted MTALs were suspended in a
medium composed of 300 mM mannitol, 6 mM ethylene glycol-
bis(b-aminoethyl ether)-N,N,N9,N9-tetraacetic acid (EGTA), 0.1
mM 4-(2-aminoethyl)-benzenesulfonyl fluoride hydrochlorine
(AEBSF), 12 mM Trizma, pH 7.4, centrifuged at 230 3 g for 10
minutes, and the supernatant was discarded. This maneuver was
repeated and the final tubular fragments pellet was resuspended
in the latter medium. The resulting MTALs suspension (;14 ml)
was homogenized (1) five times in a Dounce homogenizer, and (2)
Table 1. Composition of experimental solutions
A B C D E F G H
Mannitol — — — 286 83 175.75 173.75 172.5
NaCl 125 — — — 0.5 — 0.25 0.25
NMDGa-Cl — 140 143 — — — — —
KCl 3 3 — — 100 — — —
K2HPO4 0.8 0.8 0.8 — — — — —
KH2PO4 0.2 0.2 0.2 — — — — —
MgCl2 1 1 1 — — 10 10 10
Mg-(gluconate)2 — — — 10 10 — — —
CaCl2 1 1 1 — — — — —
Hepes 10 10 10 16 16 120 120 65.5
pH 7.4 7.4 7.4 7.4 7.4 6.6 6.6 8.0
Vales are in mM and represent final concentrations. a, NMDG, N-methyl-D-glucamine. Solutions A-E were adjusted to pH 7.4 with Tris; solutions
F-G and H were adjusted to pH 6.6 and 8.0 with 14.25 and 70 mM Tris, respectively. Solutions A-C were gassed with 100% O2 and contained 5 mM
glucose, 5 mM L-leucine, and 0.1 g/liter bovine serum albumin.
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in a Waring Blender homogenizer at 22,000 rpm for one minute.
Then, 18 ml of bi-distilled water with Mg-(gluconate)2 was added
to the homogenate to obtain a final concentration of 12 mM
Mg-(gluconate)2 and 2.5 mM EGTA and a final osmolarity of
;170 mOsm/liter. After 20 minutes, the homogenate (H in Table
2) was centrifuged at 16,400 3 g for 7.5 minutes with use of a
Beckman J2-MC centrifuge with a JS-13.0 rotor, which gave the
pellet P1 (Table 2) and the supernatant S1. The S1 supernatant
was divided into three ;10 ml fractions that were centrifuged at
210,000 3 g for 60 minutes with use of a Beckman L-70
Ultracentrifuge with a 70.1 TI rotor, which resulted in the
vesicle-containing pellets P2 and the supernatants S2 (Table 2).
The pooled membrane vesicles were resuspended in 10 ml of one
of the loading solutions described below, and the resulting vesicle
suspension was centrifuged at 300,000 3 g for 60 minutes. This
loading maneuver was repeated to ensure complete loading of the
vesicles with the appropriate solution. The final membrane vesicle
pellet was manually suspended and homogenized by repeated
passage through a 27 gauge needle in a small volume (150 to 200
ml) of the loading solution. The membrane vesicle suspension was
stored at 280°C and used within two weeks for transport studies
and enzyme assays.
Transport studies on membrane vesicles
Transport studies were performed at ambient temperature (22
to 25°C) by a filtration technique using 0.45 mm cellulose acetate-
nitrate filters (Millipore, HAWP). Membrane vesicles were
thawed and kept on ice until use. When transport inhibitors were
used, controls were performed in the presence of the vehicles of
these inhibitors.
Na1-K1-2Cl2 cotransport activity was assessed by measuring
the bumetanide-sensitive uptake of 22Na1 stimulated by an in-
wardly directed 100 mM KCl gradient. Membrane vesicles were
loaded as described above with solution D (Table 1). The uptake
reaction was initiated by diluting and mixing 10 to 20 mg protein
of membrane vesicles (20 ml) in 80 ml of isoosmolar solution E
(Table 1) containing 0.5 mM 22NaCl (2.6 mCi/ml) and 2 mM
amiloride to minimize background 22Na1 uptake by Na1 channels
and Na1/H1 exchange. The uptake reaction was terminated after
timed periods by rapid dilution of the reaction mixture with 2 ml
of an isoosmolar ice-cold “stop solution” containing 293 mM
mannitol, 16 mM Hepes, 8 mM Tris, 5 mM NaCl, 5 mM KCl, 2 mM
amiloride, and 1 mM bumetanide, pH 7.4; 5 mM NaCl and KCl
were present in the “stop solution” to optimize bumetanide
binding to the Na1-K1-2Cl2 cotransporter [reviewed in 17]. The
diluted sample was immediately poured on a filter kept under
suction and rapidly washed with an additional 9 ml of the ice-cold
stop solution. The filter was placed in 4 ml of Ultimagold MV
scintillation fluid (Packard) and counted by scintillation spectros-
copy. Filter blanks were determined by diluting 20 ml of the
loading solution in 80 ml of the uptake medium, and the resulting
mixture was processed exactly as above. For one membrane
vesicle preparation, every uptake condition and its filter blank
were performed in triplicate. The mean filter blank value was
subtracted from the experimental values to determine the
amounts taken up by the vesicles.
Na1/H1 antiport activity was assessed by measuring the uptake
of 22Na1 stimulated by an in . out H1 gradient. Membrane
vesicles were loaded as described above with solution F, pH 6.6
(Table 1). The uptake reaction was initiated by diluting and
mixing 15 to 30 mg protein of membrane vesicles (10 ml) in 65 ml
of isoosmolar solution G (pH 6.6) or H (pH 8.0) containing in
final concentrations 0.25 mM 22NaCl (1.75 mCi/ml), and 1.5 mM
furosemide to minimize background 22Na1 uptake by Na1-K1-
2Cl2 cotransport (Table 1). The uptake reaction was terminated
after timed periods by rapid dilution of the reaction mixture with
2 ml of an isoosmolar ice-cold stop solution containing 273.6 mM
mannitol, 16 mM Hepes, 16.9 mM Tris, 10 mM MgCl2, 1.5 mM
furosemide, and 2 mM amiloride, pH 8.0. The diluted sample was
immediately poured on a filter kept under suction and rapidly
washed with an additional 12 ml of the ice-cold stop solution.
Scintillation counting, determinations of filter blanks, and calcu-
lations were made as described above.
Protein and enzyme determinations
Protein amounts were determined by the method of Bradford
[18]. Alkaline phosphatase activity was determined from the
amount of p-nitrophenol produced after sample addition from
p-nitrophenyl-phosphate used as a substrate (Sigma Diagnostics,
Technical Bulletin No.104). Na1/K1-ATPase activity was mea-
sured at 37°C, pH 7.4, by a radioisotopic method using
[g-32P]ATP after treatment of the various tissue fractions by
sodium dodecyl sulfate with use of bovine serum albumin as a
detergent buffer, as described previously in detail [16, 19]. In
brief, Na1/K1-ATPase activity was calculated as the difference in
ATP hydrolysis between that observed with 2.5 mM KCl plus 50
mM NaCl and that observed with 2.5 mM ouabain in the nominal
absence of Na1 and K1. Samples without tissue were processed in
parallel to determine the spontaneous breakdown of ATP that
was subtracted from the experimental values. All media contained
Table 2. Specific activities, enrichment factors, and yields of marker enzymes in fractions obtained during the membrane isolation procedure
Fractiona H P1 S2 P2 Total recovery
Protein mg 5.8 6 0.4 3.6 6 0.2 1.35 6 0.09 0.18 6 0.02
Yield % 61.9 6 1.4 23.9 6 1.5 3.17 6 0.09 89.0 6 2.8
Alkaline phosphatase
specific activity 22.3 6 5.2 24.6 6 7.2 23.4 6 4.9 144 6 37
Enrichment factor 1.06 6 0.09 1.1 6 0.2 6.4 6 0.2
Yield % 65.9 6 6.6 25.7 6 2.7 20.1 6 0.5 111.7 6 4.5
Na1/K1-ATPase
Specific activity 1167 6 176 1199 6 179 0 2175 6 236
Enrichment factor 1.0 6 0.1 0 2.0 6 0.4
Yield % 77.9 6 4.5 0 5.5 6 0.9 83.6 6 3.5
Values are means 6 SE obtained from 3 preparations in which measurements were made in triplicate. Specific activities are in nmol/min/mg protein.
a, see Methods section defines the fractions
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1 mM EGTA, 10 mM MgCl2, and 0.1 mM (3-Cyanomethyl-2 to
8-phenylmethoxy)imidazo [1, 2-alpha]pyridine (SCH-28080) to
avoid any contribution of the MTAL ouabain-sensitive K1-
ATPase activity [20].
Materials
Carrier-free 22NaCl and [g-32P]ATP were obtained from Am-
ersham (Buckinghamshire, UK). BCECF-AM was obtained from
Molecular Probes (Eugene, OR, USA); Collagenase CH grade II
from Boehringer Mannheim S.A. (Maylan, France); D(2) man-
nitol was from Merck (Darmstadt, Germany). AEBSF, amiloride,
bumetanide, 5-(N-ethyl-N-isopropyl) amiloride (EIPA), EGTA,
furosemide, Tris-ATP, and all other chemicals were obtained
from Sigma-chimie S.A.R.L. (LaVerpillie`re, France). HOE-694
[(3-methylsulphonyl-4-piperidinobenzoyl) guanidine methanesul-
phonate] was a generous gift from L. Counillon and J. Pouysse´gur;
SCH-28080 was a gift from Schering-Plough Laboratories.
Statistics
Results are expressed as means 6 SE. Statistical significance
between experimental groups was assessed by Student’s t test or by
one-way analysis of variance completed by a t-test using the
within-groups residual variance of one-way analysis of variance, as
appropriate.
RESULTS
Electron microscopy
The appearance of MTAL fragments from the primary suspen-
sion is illustrated in Figure 1a. The tubular organization was
apparent, the tubular cells being normally polarized with their
apical plasma membrane in front of the tubular lumen. Microvilli
were rare or absent on the apical pole, as is typical for MTAL
cells. The normal ultrastructure of the cells was preserved with
numerous long or elongated mitochondria. The intercellular
spaces were undilated, and long tight junctions were present
between the cells. In MTAL fragments from the shake HDMEM
suspension after 16 hours of incubation, the tubular organization
was unmodified and the cell polarity was maintained around a
central tubular lumen (Fig. 1b). The ultrastructural appearance of
the tubular cells was almost unchanged; a slight dilatation of the
intercellular space was visible in limited places, and a few small
vacuoles and blebs were present at the apical pole. In both
preparations, other tubular fragments such as thin descending
limb and outer medullary collecting tubule were rare and the S3
proximal tubule of the outer stripe of the outer medulla was never
observed.
In the membrane preparation, the membranes were mostly
formed of round or oval vesicles limited by an unique membrane
(Fig. 1c). Most of the vesicles were empty and their membranes
were smooth. The vesicular mean diameter was ;0.3 mm. Frag-
ments of mitochondria, lysosomes, or peroxisomes were visible in
some places between the vesicles.
Transport studies in intact medullary thick ascending limb
tubules
Studies were performed with use of pHi measurements to
establish the presence in the shake HDMEM-suspensions of three
main MTAL carriers, that is, Na1-K1(NH4
1)-2Cl2 cotransport,
NHE-1, and NHE-3.
Na1-K1(NH4
1)-2Cl2 cotransport activity was assessed by de-
termining the bumetanide-sensitive component of the cell acidi-
fication caused by abrupt exposure to NH4Cl, as previously
described [21–23]. After 16 hours of incubation, MTALs were
removed from the HDMEM medium, washed three times in
solution A (Table 1) and loaded with BCECF, and pHi was
monitored. As shown in Figure 2, the addition of 4 mM NH4Cl to
the medium caused a rapid cell alkalinization due to NH3 entry,
which ended when intracellular and extracellular NH3 concentra-
tions were equal. This was followed by cell acidification deter-
mined by NH4
1 entry within the cells and subsequent NH4
1
intracellular dissociation coupled with NH3 exit. Bumetanide (0.1
mM) greatly reduced the NH4
1-induced rate of cell acidification
(20.45 6 0.08 vs. 20.80 6 0.13 pH U/min in control; Fig. 2),
which demonstrates that Na1-K1(NH4
1)-2Cl2 cotransport was
functionally active. In the presence of bumetanide, a noticeable
cell acidification persisted (Fig. 2) due to NH4
1 entry through the
other MTAL NH4
1 transport pathways previously described [21,
22].
Na1/H1 antiport activity was determined in the shake HD-
MEM suspension as the EIPA- and HOE-694-sensitive Na1-
dependent pHi recovery in Na
1-depleted acidified cells. Cells
were Na1-depleted and acidified by several washings and gentle
centrifugations in Na1-free solution B (Table 1). As shown in
Figure 3, exposure of these cells to 10 mM NaCl caused pHi to
recover from the cell acidification within two minutes. This
Na1-dependent pHi recovery was inhibited in a dose-dependent
manner by EIPA, being completely abolished by 100 mM EIPA
(Fig. 3A). HOE-694 (50 mM), which completely blocks the HOE-
694-sensitive NHE-1 isoform but does not affect the HOE-694-
resistant NHE-3 isoform [24, 25], inhibited the Na1-dependent
pHi recovery by ;50% (Fig. 3B). Indeed, the initial rate of
Na1-dependent pHi recovery decreased from 1.27 6 0.08 pH
U/min in controls to 0.625 6 0.11 in the presence of 50 mM
HOE-694 (P , 0.003, N 5 4 for both). This demonstrates that,
like in freshly harvested MTAL cells [25], both basolateral NHE-1
and apical NHE-3 activities are present in the long-term shake
HDMEM suspension. Note that NHE-2 activity, if present in rat
MTAL cells as it was suggested in preliminary studies [26], must
also be completely blocked by 50 mM HOE-694 [24].
Studies in membrane vesicles
To directly demonstrate the presence of Na1-K1(NH4
1)-2Cl2
cotransport and NHEs activities, a membrane fraction was iso-
lated from the shake HDMEM-suspension and measurements of
22Na1 uptake were performed as described in the Methods
section.
Specific activities, enrichment factors, and yields of marker
enzymes in three membrane preparations are summarized in
Table 2. Alkaline phosphatase was chosen as the marker enzyme
for the MTAL apical membrane because, as shown in Figure 4,
the enrichment factor in alkaline phosphatase of the membrane
preparation was strongly linearly correlated with Na1-K1-2Cl2
cotransport activity (r 5 0.91, P , 0.001), as established during
preliminary experiments designed to select the appropriate frac-
tionation procedure. This result is consistent with the previous
demonstration of colocalization of alkaline phosphatase with
[3H]bumetanide binding sites in canine medullary membranes
[27]. The membrane preparation was enriched more than sixfold
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Fig. 1. Electron microscopy. (a) Ultrastructural appearance of the pri-
mary suspension of MTALs. The tubular organization is well preserved
with normal tubular cells, undilated intercellular spaces, and normal tight
junctions (arrowheads). (b) No modification in the tubular organization is
observed in MTAL fragments from shake HDMEM-suspension after 16
hours of incubation; slight ultrastructural changes are, however, visible in
the tubular cells. (c) An example of the membrane vesicles preparation
showing that the pellet was mostly formed of round or oval smooth
vesicles. Abbreviations are: N, nucleus; L, lumen (magnification: a and b
36,000; c 344,000).
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in apical membrane, the yield of which was about 20%. Never-
theless, the membrane preparation also contained some amounts
of basolateral membrane, since the enrichment factor and yield in
Na1/K1-ATPase were ;2 and ;5%, respectively. Of note, the
specific activity values of alkaline phosphatase and Na1/K1-
ATPase in the starting homogenate (Table 2) were quite similar
to those measured in homogenates of primary suspensions of
MTALs [16, 28].
As shown in Figure 5, Na1-K1-2Cl2 cotransport activity was
present in these apical membrane-enriched vesicles, since a large
fraction of 0.5 mM 22Na1 uptake driven by an inwardly directed
100 mM KCl gradient was sensitive to bumetanide. The 22Na1
uptake during 10 seconds decreased from 333 6 26 pmol
22Na1/mg protein in controls to 155 6 22 pmol in the presence of
1 mM bumetanide (P , 0.001). Na1-K1-2Cl2 cotransport activity,
assessed as the bumetanide-sensitive component of 22Na1 uptake,
was thus responsible for a 22Na1 uptake of 161 6 12 pmol
22Na1/mg protein/10 seconds.
Figure 6 shows that both NHE-1 and NHE-3 activities were
detected in the membrane vesicles. Indeed, an in (i) . out (o) H1
gradient (pHi 5 6.6/pHo 5 8.0) stimulated 0.25 mM
22Na1 uptake
during 10 seconds from 64.5 6 2.6 pmol 22Na1/mg protein in the
absence of a H1 gradient to 100.5 6 3.6 (P , 0.0001). This
difference was abolished by 2 mM amiloride and thus corre-
sponded to Na1/H1 antiport activity. The latter was partially
affected by 50 mM HOE-694 (225%, P , 0.04). These latter
results demonstrate, as discussed above, that both basolateral
NHE-1 and apical NHE-3 activities could be demonstrated in
these membrane vesicles.
DISCUSSION
The present results demonstrate that MTAL tubules that retain
their differentiated properties can be maintained in a satisfactory
state of viability for up to 16 hours at 37°C in a defined medium.
The use of the HDMEM medium prevented MTAL cells from
being relatively rapidly altered, as may be the case when cells are
suspended in a usual Ringer medium. Moreover, the use of a
rotary shaking water bath and the absence from the HDMEM
medium of any hormone or growth factor avoided any cell
proliferation, as seen under light and electron microscopy. Thus,
we adopted the term shake HDMEM-suspension to clearly dif-
ferentiate this preparation from cells cultured in either shaken or
static conditions. The MTAL fragments retained their normal
tubular structure with the apical and basolateral domains sepa-
rated by prominent tight junctions. Despite slight ultrastructural
changes, the good viability of the tubular cells was demonstrated
by the fact that, once removed from the HDMEM medium and
washed, they exhibited enzyme and transport activities similar to
those measured in primary suspensions. Indeed, the specific
activities of Na1/K1-ATPase and alkaline phosphatase were
1167 6 176 nmol/min/mg protein and 22.3 6 5.2, respectively, in
the shake suspension homogenate (Table 2) as compared with
1373 6 67 and 25.9 6 3.3, respectively, in the primary homoge-
nate suspension [16]. With respect to transport activities in
membrane vesicles, Na1-K1(NH4
1)-2Cl2 cotransport activity,
measured as the bumetanide-sensitive component of 100 mM KCl
gradient-stimulated 22Na1 uptake, was 161 6 12 pmol 22Na1/mg
protein/10 seconds in the shake membrane vesicles (Fig. 5) versus
393 6 28 in membrane vesicles obtained from the primary
suspension in a previous study [16]. The Na1/H1 antiport activity,
measured as the H1 gradient-stimulated 22Na1 uptake, was 36 6
3 pmol 22Na1/mg protein/10 seconds versus 128 6 28 in the shake
(Fig. 6) and primary [16] membrane vesicles, respectively. These
differences in transport activities are best explained by an enrich-
ment in apical membrane higher in the primary than in the shake
membrane preparation (the enrichment factor in the apical
marker enzyme alkaline phosphatase ranged from 14 to 36 in the
primary membrane preparation [16] but was 6.4 6 0.2 in the shake
membrane vesicles). Thus, when the latter factor is taken into
account, it appears that the transport activities of Na1-
K1(NH4
1)-2Cl2 cotransport and Na1/H1 antiport were similar
in shake and primary suspensions. Note that this observation
indicates that measurements of the latter enzymatic and transport
activities at earlier time points during the 16-hour incubation time
probably would not have provided important information with
respect to the evolution of the cells in this preparation.
Na1-K1(NH4
1)-2Cl2 cotransport, NHE-1, and NHE-3 trans-
port activities have been easily detected in both intact cells and
membrane fraction of the shake HDMEM suspension in the
present study. NHE-1 and NHE-3 were recently established as
basolateral and apical MTAL NHEs, respectively [28, 29]. We
have observed by reverse transcription-polymerase chain reaction
that the mRNAs of rBSC-1, NHE-1, and NHE-3 are expressed in
the shake HDMEM suspension after 16 hours of incubation
(unpublished results). We have also established (unpublished
results) the presence in the shake HDMEM-suspension of the
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Fig. 2. Na1-K1(NH4
1)-2Cl2 cotransport activity. MTALs from shake
HDMEM-suspension after 16 hours of incubation were suspended in a
CO2-free Hepes/Tris medium (solution A in Table 1). Intracellular pH
(pHi) was monitored with BCECF; addition of 4 mM NH4Cl at time zero
caused an immediate cell alkalinization (NH3 entry) followed by cell
acidification due to NH4
1 entry by NH4
1 transport pathways. The latter
NH4
1-induced cell acidification was reduced by 0.1 mM bumetanide due to
blockade of Na1-K1(NH4
1)-2Cl2 cotransport activity. Points represent
means 6 SE of 6 runs.
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barium-sensitive MTAL K1/NH4
1(H1) apical antiport mecha-
nism that was recently described [16, 21]. These transport prop-
erties of MTALs in shake HDMEM-suspensions are of impor-
tance because cultured cells may lack some of the major carriers
of freshly harvested MTAL cells. For example, primary cultures of
rat MTAL cells that have reached confluence do not express
apical NHE-3 at the mRNA level (unpublished observations in
this laboratory). Such is also the case in primary cultures of rabbit
proximal tubule cells, which express NHE-1 but not NHE-3
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Fig. 3. Na1/H1 antiport activity. MTALs from
shake HDMEM-suspension after a 16 hour
incubation were Na1-depleted and acidified in
Na1-free medium (solution B in Table 1) and
intracellular pH (pHi) was monitored with
BCECF. (A) The addition of 10 mM NaCl
caused pHi recovery, which was inhibited in
dose-dependent manner by EIPA (NHE-1 plus
NHE-3 blockade). Symbols are: (F) control;
(M) 25 mM EIPA; (E) 100 mM. (B) HOE-694 50
mM inhibited by ;50% (P , 0.003) the initial
rate of pHi recovery by blocking NHE-1 but not
NHE-3. Symbols are: (F) control; (E) HOE-
694. Points represent means 6 SE of 4 runs.
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Fig. 4. Relationship between Na1-K1-2Cl2 cotransport activity and al-
kaline phosphatase enrichment factor in membrane vesicles. Bumet-
anide-sensitive 22Na1 uptake, determined as illustrated in Figure 5 and
representing Na1-K1-2Cl2 cotransport activity, was linearly correlated
with alkakine phosphatase enrichment factor in 12 preliminary membrane
preparations. y 5 21.7x 1 11.5; r 5 0.91; P , 0.001.
Fig. 5. Na1-K1-2Cl2 cotransport activity in membrane vesicles. Vesicles
were loaded with solution D and diluted during 10 seconds in solution E
containing 0.25 mM 22NaCl and 100 mM KCl (solutions D and E are
described in Table 1). 22Na1 uptake was thus measured in the presence of
an out . in 100 mM KCl gradient in the absence (Total) or presence
(Bumetanide) of 1 mM bumetanide; bumetanide-sensitive 22Na1 uptake
represents Na1-K1-2Cl2 cotransport activity. Each bar represents
mean 6 SE of measurements in triplicate in three membrane preparations.
*P , 0.001 vs. Total.
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mRNA [30]. Also, Na1-K1(NH4
1)-2Cl2 cotransport activity in
cultured cells, whether the latter originate from MTAL or other
cell types, is critically dependent on cell growth conditions,
disappearing when growth is arrested [reviewed in 9]. Several
members of the Na1-Cl2/K1-Cl2 cotransport family were re-
cently cloned [8, 10–13], and the isoform(s) [apical BSC-1
(NKCC-2) or basolateral BSC-2 (NKCC-1)] expressed in these
growing cultured cells is at present usually unknown. The mouse
BSC-2 cDNA was cloned from cultured mIMCD-3 cells [10]. In
one study, Na1-K1-2Cl2 cotransport activities were located in
both apical and basolateral domains of the cultured cells [9],
which suggests that both apical BSC-1 (NKCC-2) and basolateral
BSC-2 (NKCC-1) were expressed in the latter preparation. We
have determined in preliminary experiments (using reverse tran-
scription-polymerase chain reaction and immunoblotting after
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The
rBSC-1 protein was detected with use of a polyclonal antibody-
containing serum [31], which was generously provided by Steven
C. Hebert and David B. Mount) that the rBSC-1 mRNA and
protein are present in shake HDMEM-suspensions, which con-
firms that MTAL cells remain well differentiated in this prepara-
tion.
The use of the HDMEM medium to suspend isolated renal
tubules in a long-term setting is not unprecedented. Dickman and
Mandel [32] have incubated isolated rabbit proximal tubules in
HDMEM medium for 24 hours at 37°C, and the latter prepara-
tion, referred to as “shake cultures” by the authors, exhibited
oxidative metabolism, Na1/K1-ATPase-dependent oxygen con-
somption, and K1 and ATP contents higher than those of usual
“dish cultures” [32]. As a matter of fact, the present data
demonstrate that renal tubules maintained in shake HDMEM-
suspension for 16 hours do not yield “cultured” cells but remain as
well differentiated tubular fragments.
In conclusion, the MTAL shake HDMEM-suspension de-
scribed here is made of MTAL tubules that may be studied in vitro
for at least 16 hours. Long-term treatments could thus be applied
to this MTAL preparation, which allow an assessment of the
mechanisms of chronic MTAL adaptations. In another study [33],
we have observed that an incubation of the shake HDMEM-
suspension in an acidic HCO3
2/CO2 medium, pH 7.1, stimulates
Na1-K1(NH4
1)-2Cl2 cotransport activity by transcription- and
protein synthesis-dependent mechanisms, which may help explain
the MTAL NH4
1 transport adaptation to chronic metabolic
acidosis [5].
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APPENDIX
Abbreviations used in this article are: MTAL, medullary thick
ascending limb; EIPA, 5-(N-ethyl-N-isopropyl) amiloride; HOE-
694, (3-methylsulphonyl-4-piperidinobenzoyl) guanidine meth-
anesulphonate; BSC-1, apical Na1-K1(NH4
1)-2Cl2; NKCC-2,
apical BSC-1; NKCC-1, basolateral BSC-2; NHE-1 and NHE-3,
Na1/H1 exchanger isoforms; HDMEM, a 1:1 mixture of Ham’s
nutrient mixture F-12 and Dulbecco’s modified Eagle’s essential
medium; shake suspensions, HDMEM after a rotary shaking
water bath; BCECF-AM, 29,79-bis(carboxyethyl)-5(6)-carboxy-
fluorescein acetoxy-methyl ester; pHi, intracellular pH; pHo ex-
tracellular pH; EGTA, ethylene glycol-bis(b-aminoethyl ether)-
N,N,N9,N9-tetraacetic acid; AEBSF, 4-(2-aminoethyl)-
benzenesulfonyl fluoride hydrochlorine.
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